INTRODUCTION
Nuclear lamins are intermediate filament proteins that form the nuclear lamina on the inner aspect of the inner nuclear membrane (Gerace et al., 1978; Fisher et al., 1986; McKeon et al., 1986) . The human lamin A/C gene (LMNA) encodes lamin A and lamin C (Lin and Worman, 1993) . Lamin A is synthesized as a precursor, prelamin A, which undergoes a series of processing reactions to generate the mature protein (Sinensky et al., 1994; Young et al., 2005) . First, protein farnesyltransferase catalyzes the addition of the farnesyl moiety to the cysteine residue of a C-terminal CAAX motif (CSIM in prelamin A). The terminal three amino acids are then cleaved, and isoprenylcysteine carboxyl methyltransferase catalyzes methylation of the farnesylcysteine. Zinc metallopeptidase ZMPSTE24 then recognizes the farnesylated protein and catalyzes its endoproteolytic cleavage, which removes the last 15 amino acids, including the farnesylcysteine α-methyl ester. Farnesylation is necessary for recognition by ZMPSTE24. Prelamin A is a transient intermediate and does not normally accumulate in cells.
Genetic mutations leading to defective processing of prelamin A have been shown to cause progeroid disorders. De novo dominant splice-donor site mutations in exon 11, generating a truncated prelamin A protein lacking the ZMPSTE24 cleavage site, cause Hutchinson-Gilford progeria syndrome (HGPS) (De SandreGiovannoli et al., 2003; Eriksson et al., 2003) . Homozygous mutations leading to loss of function of ZMPSTE24 cause the neonatal lethal progeroid disorder restrictive dermopathy Navarro et al., 2005) . Compound heterozygous mutations in ZMPSTE24 generating variants with reduced enzymatic activity also cause progeroid disorders, including mandibuloacral dysplasia with type B lipodystrophy (Agarwal et al., 2003; Shackleton et al., 2005; Barrowman et al., 2012b) . In these conditions, a farnesylated prelamin A variant or unprocessed farnesylated prelamin A accumulates in cells. However, disease-causing alterations of ZMPSTE24 lead to loss of its other function in clearing the translocon (Ast et al., 2016) . Hence, there is no human pathology reported so far in which ZMPSTE24-catalyzed cleavage of prelamin A is the only cellular defect.
In 1994, Hennekes and Nigg showed that changing a valine residue to an arginine at the endoproteolytic cleavage site in chicken prelamin A abolishes its conversion to lamin A (Hennekes and Nigg, 1994) . Michaelis and colleagues subsequently demonstrated in cultured cells that had been transfected with prelamin A constructs that the ZMPSTE24-catalyzed cleavage of the corresponding human variant, in which a leucine is changed to arginine (L647R), is similarly blocked (Mallampalli et al., 2005; Barrowman et al., 2012a) . Overexpression of this human prelamin A variant in transfected cells also induces abnormal nuclear morphology (Mallampalli et al., 2005) . The pathophysiological significance of this variant, if any, has remained unknown. We now describe an individual with a progeroid disorder who is heterozygous for the LMNA L647R mutation. We further examine the consequence of this mutation in the individual's cells that express the variant protein at levels that induce pathology, and we demonstrate the use of a cell biology assay in precision medicine to identify a potential therapy.
RESULTS AND DISCUSSION Progeroid disorder phenotype
The individual was a 17-year-old woman from the Dominican Republic referred for evaluation of short stature. Her height was 150 cm (<3rd centile), weight 36.7 kg (<3rd centile) and occipitofrontal circumference 51 cm (<3rd centile). She was the 2.7-kg product of a full-term uncomplicated pregnancy and delivered to a 23-year-old primigravida mother. Her postnatal growth was poor but cognitive development was normal. She reached menarche at 13 years and has since had regular menstrual cycles. Her parents and two brothers were of normal height and generally healthy.
On physical examination, the individual was small for her age and microcephalic. She had a slightly thinning anterior hairline, micrognathia and dental crowding. Skin examination revealed diffusely distributed hypopigmented patches, mild subcutaneous lipoatrophy, mottled pigmentation and prominent depigmented patches with perifollicular repigmentation on her elbows (Fig. 1A) . Her skin was taut and dry, and there were sclerodermatous changes over the lower abdomen and proximal thighs. A shaved biopsy of the right posterior upper leg revealed thickened bundles of collagen aligned parallel to the skin surface and crowded in the reticular dermis, as well as loss of dendritic cells upon immunostaining for CD34, consistent with morphea (localized scleroderma or thickened skin). The individual's hands had mottled cutaneous pigmentation, nail dystrophy and several short fingers, including the index finger of the left hand (Fig. 1B) . A radiograph of the left hand showed acroosteolysis (resorption of the distal phalanx) of the second finger, tapering of the distal phalanx of the first digit, mild irregularity of the tufts of the third and fourth phalanges, and mild soft tissue swelling of the distal phalanges (Fig. 1C ). There was also acroosteolysis of the first, second, third and fifth distal phalanges of the right hand. Radiographs of the long bones and skull were normal, but the feet showed multiple well-defined lucencies, some with sclerotic margins, indicating abnormal bone resorption or deposition (Fig. 1D) .
Complete blood cell count showed microcytic anemia. Serum antinuclear antibodies were present at a titer of 1:80 but anti-doublestranded-DNA, anti-SS-A/Ro, anti-SCL-70 and anti-centromere antibodies were not detected, essentially excluding systemic lupus erythematosus, systemic sclerosis and limited systemic sclerosis as diagnoses. Serum glucose, C-peptide, hemoglobin A 1 C, triglycerides and cholesterol levels were normal, indicating a lack of insulin resistance or disorders of lipid metabolism. Echocardiography showed a normal left ventricular ejection fraction of 55% to 60% and stress echocardiography showed no ischemic changes at 81% of the target heart rate, suggesting no coronary artery obstructive disease.
Based on the collective clinical examination, we conclude that the individual had skin and bone abnormalities typical of mandibuloacral dysplasia and a modest decrease in subcutaneous fat but did not have metabolic abnormalities that can occur with lipodystrophy, such as insulin resistance and hypertriglyceridemia. There is phenotypic overlap between mandibuloacral dysplasia and HGPS (Agarwal et al., 2003; Shackleton et al., 2005; Barrowman et al., 2012b) . Similar skin, bone and fat abnormalities can occur in HGPS. However, the individual we describe was affected to a much lesser extent than children with HGPS and showed no apparent coronary artery disease at 18 years of age. Most children with HGPS die from cardiovascular disease in their second decade (Merideth et al., 2008) .
Pathologic LMNA mutation that abolishes prelamin A processing Whole exome sequencing revealed a heterozygous T>G transversion at nucleotide 1940 of LMNA (Chr1:156,108,520; GRCh37/hg19; Transcript: LMNA-001 ENST00000368300) that resulted in a L647R (Protein: ENSP00000357283) amino acid substitution ( Fig. 2A) [based on Ensembl Release 83 annotation (http://useast. ensembl.org/index.html)]. The mutation was de novo as it was not present in the mother or father, who each shared approximately 50% of their rare (<1% population frequency) polymorphisms with the individual. Residue 647 is at the endoproteolytic site where ZMPSTE24-catalyzed cleavage of farnesylated prelamin A occurs. A change from a hydrophobic to a basic amino acid at this residue is predicted to reduce the ability of ZMPSTE24 to catalyze the cleavage of prelamin A (Fig. 2B) . Immunoblotting of protein extracts from the individual's fibroblasts using antibodies against lamin A and lamin C demonstrated abnormal accumulation of a more slowly migrating protein that is not usually present in normal cells but that is detectable in normal cells if prelamin A processing is blocked by treatment with a protein farnesyltransferase inhibitor (FTI), consistent with it being prelamin A (Fig. 2C, left panel) . This more slowly migrating protein was confirmed to be prelamin A by immunoblotting with a specific antibody against prelamin A (Fig. 2C, right panel) . The individual's fibroblasts, but not cells from a control individual, were further shown to accumulate prelamin A by performing immunofluorescence microscopy using a specific antibody against prelamin A, whereas an antibody against lamin A/C labeled both normal fibroblasts and those from the individual (Fig. 2D) .
This LMNA L647R mutation corresponds to the first amino acid substitution experimentally introduced into chicken prelamin A to demonstrate that this residue is essential for prelamin A processing (Hennekes and Nigg, 1994) . The affected individual's cells accumulated unprocessed prelamin A (with a single amino acid change), analogous to what occurs in subjects with mandibuloacral dysplasia or atypical progeroid disorders that are caused by compound heterozygous mutations in ZMPSTE24 and lead to partial loss of the enzyme activity. ZMPSTE24 also functions in clearing the translocon, and disease-associated mutations lead to loss of this function (Ast et al., 2016) . The current case demonstrates that the selective loss of ZMPSTE24-catalyzed cleavage of prelamin A, distinct from any defect in translocon unclogging, can cause a progeroid disorder.
Prelamin A has also been reported to accumulate in cells of subjects with autosomal recessive mandibuloacral dysplasia with type A lipodystrophy caused by the LMNA R527H mutation (Novelli et al., 2002; Capanni et al., 2005) . The mechanism responsible for prelamin A accumulation in this disorder is unknown. However, fibroblasts from a subject with a progeroid disorder and a cysteine residue substituted for arginine at prelamin A residue 644, which biochemical assays indicate is crucial for efficient ZMPSTE24-catalyzed cleavage, do not accumulate prelamin A (Toth et al., 2005) . In HGPS, a truncated prelamin A variant accumulates (Eriksson et al., 2003; Goldman et al., 2004) . In both the affected individual discussed here and in HGPS individuals, one LMNA allele is mutated and the other is normal. One hypothesis regarding the more severe phenotype in HGPS is that the truncated prelamin A variant in that disease lacks 50 amino acids, whereas in the individual we describe, there is only a single amino acid substitution. Hence, loss of those additional amino acids could lead to more profound defects. We caution however that we are comparing only one individual to the published literature on HGPS.
Abnormal nuclear morphology and reversal with an FTI
Abnormal nuclear morphology is a characteristic of fibroblasts from individuals with alterations in lamin A and lamin C. We therefore carefully examined the affected individual's fibroblasts, which express prelamin A at a level that causes pathology, by performing immunofluorescence microscopy using antibodies against lamin A/C. There was a significant decrease in the percentage of cells with normal nuclear morphology compared to control cells, and the percentage of cells with normal nuclear morphology further decreased with passage number in culture (Fig. 3A,B) . This also occurs with fibroblasts from subjects with HGPS (Goldman et al., 2004) . The individual we describe also had fewer fibroblasts with morphologically abnormal nuclei than subjects with HGPS, in which the percentage of fibroblasts with abnormal nuclei can reach 50% by passage 13 in culture (Goldman et al., 2004) . Various nuclear shape abnormalities were observed in the individual's fibroblasts (Fig. S1) . Treatment of cultures with an FTI that blocks protein farnesylation partially reverses the abnormal nuclear morphology in fibroblasts from human subjects with HGPS or ZMPSTE24 loss-of-function mutations (Capell et al., 2005; Toth et al., 2005) . Similarly, treatment with an FTI reverses abnormal nuclear morphology in transiently transfected HeLa cells overexpressing a green fluorescent protein fusion of prelamin A with the L647R amino acid substitution (Mallampalli et al., 2005) . We therefore treated cultured fibroblasts from the individual with an FTI. When the individual's fibroblasts were treated with an FTI, there were significantly more cells with normal nuclear morphology compared to those treated with placebo (Fig. 3C,D) . FTI treatment also generated some abnormal 'donut'-shaped nuclei, as previously described (Verstraeten et al., 2011) .
Farnesylated prelamin A is undetectable in normal cells but accumulates if ZMPSTE24 activity is reduced. In HGPS, the prelamin A variant lacking the ZMPSTE24 cleavage site also remains farnesylated. Evidence that the farnesyl modification of these proteins contributes to pathogenesis comes from studies in model mice that lack ZMPSTE24 or that express the HGPS lamin A variant, where treatment with an FTI improves their progeroid phenotypes Yang et al., 2006; Capell et al., 2008) . A clinical trial of an FTI has even been carried out in children with HGPS (Gordon et al., 2012) . Treatment with statins and aminobisphosphonates has been shown to have similar beneficial effects in mice that lack ZMPSTE24 (Varela et al., 2008) . FTI treatment improved the abnormal nuclear morphology in fibroblasts from the individual described in this study. This raises the possibility of treating the individual with drugs that block protein farnesylation and demonstrates the use of a cell biology assay in precision medicine.
MATERIALS AND METHODS

Exome sequencing
Genomic DNA was isolated from whole blood. Agilent Sureselect (V.5 + UTR) capture and 100 base pair paired-end high-throughput sequencing (Illumina HiSeq2500) were used for next-generation whole exome sequencing. Alignment and mutation calling were performed using the NextGENe software (version 2.3.4) (Softgenetics). Mutation filtering and annotation were performed by the New-York-State-approved in-housedeveloped pipeline and reviewed as part of the clinical workflow for constitutional clinical exome sequencing in the laboratory of Personalized Genomic Medicine at Columbia University Medical Center.
Cells and cell culture
The Columbia University Medical Center Institutional Review Board approved the protocol to obtain dermal fibroblasts and informed consent was obtained for skin biopsy. Control primary fibroblasts were from a healthy 45-year-old woman (obtained from the Progeria Research Foundation) and used at the same passage number as the affected individual's fibroblasts. Cells were cultured in Chang medium D (Irvine Scientific) and showed no evidence of contamination. In some experiments, cells were treated with 2.5 µM FTI-277 (Sigma) dissolved in dimethyl sulfoxide (DMSO) or DMSO alone, as described previously (Wang et al., 2012) .
Immunoblotting and immunofluorescence microscopy
Materials and methods for protein extraction, electrophoresis, immunoblotting, immunofluorescence microscopy and FTI treatment of cells were as those described previously (Wang et al., 2012) . Primary antibodies were rabbit anti-lamin A/C (H110, sc-20681, Santa Cruz) used at a dilution of 1:2000 for immunofluorescence microscopy or 1:6000 for immunoblotting, mouse anti-GAPDH (6C5, AM4300, Ambion) used at a dilution of 1:3000 and rat anti-prelamin-A [Lee et al., 2010 ; generously provided by Drs Loren Fong and Stephen G. Young, University of California, Los Angeles, CA] used at a dilution of 1:3000. Data were analyzed using Microsoft Excel; P-values were calculated using two-tailed Student t-test with unequal variance.
